We have developed a combined sequential chemical separation procedure and multiple ion counting ICP-MS measurement method for isotopic measurements of Am in environmental samples. This, in conjunction with established resin bead TIMS measurements for Pu and Np, allows us to measure long-lived Pu-Np-Am nuclides in environmental samples on a single solution aliquot. This single aliquot method reduces time lines and maximizes sample utility for the measurements, improving sensitivity, precision, and accuracy over prior methods. We have evaluated this new method with environmental reference materials and have obtained accurate results on samples with [ 3E6 atoms 241 Am.
Introduction
Measurements of 241 Pu, 241 Am and 237 Np can provide a unique chronometer for Pu in environmental collections over a *100 year timescale from the decay of 241 Pu (t 1/2 = 14.4 years) ?
241 Am (t 1/2 = 432.6 years) ?
237 Np (t 1/2 = 2.14E6 years). As shown in Fig. 1 , in a system with pure parent plutonium ( 241 Pu) and no daughter nuclides ( 241 Am, 237 Np) present, the daughters accumulate as a straightforward function of time, and the ratios of daughter to parent nuclides can provide a precise indicator of age. One can also see that initially, the 241 Pu-241 Am system provides the best age resolution, but after several 241 Pu half-lives (70-100 years), the 241 Pu is at such low levels that the 241 Am-237 Np system is optimal for dating. However, the system is rarely simple, especially for environmental collections, with the possible presence of initial 241 Am and 237 Np and also multiple components including global fallout in the sample. Although corrections can be attempted for these complications, we generally consider the calculated ages to be model ages dependent on the sample type and assumptions of the model.
Compared to alpha or gamma spectrometry (e.g.
[1]), mass spectrometry offers the most sensitive and precise method for measurement of these nuclides. Detection limits down to the 10,000-100,000 atom level (few to tens of attograms (1E-18 g)) can be obtained with accelerator mass spectrometry (e.g. [2] ), ICP-MS (inductively coupled plasma mass spectrometry; e.g. [3] ), and TIMS (thermal ionization mass spectrometry, e.g. [4] ). Measurement of 242m Am, with its 141 year half-life, is also only possible via mass spectrometry due to its decay by internal transition. In addition, measurement of Pu, Am, and Np on a single aliquot shortens analytical timelines and maximizes utilization of the sample, and this can provide the ultimate in sensitivity, precision, and accuracy for environmental samples.
We have measured Am in the past using multiple ion counting (MIC) TIMS; however, this method is very sensitive to chemistry, and very long (2 week) radiochemical separations with many columns and bead loadings are required for environmental samples and matrix standards, as shown in Fig. 2 . Often, the TIMS samples do not run as well as pure solution standards due to poisoning of the & Steven J. Goldstein sgoldstein@lanl.gov resin beads with impurities, and also with so many steps the chemical recoveries for Am can be quite low. Hence, the overall success rate for our prior MIC-TIMS method was generally poor, and it was quite expensive and time-consuming. MIC-ICP-MS methods can be less sensitive than TIMS or resin bead-TIMS to the purity of the sample, and so the objective of this project was to develop and evaluate this method for isotopic measurement of Am.
Results and discussion
Sequential Pu-Np-Am chemical separations
With the use of 50 mg of Nd carrier in the co-precipitation steps in Fig. 2 Am also appeared to worsen in terms of accuracy and precision due to the low count rates above this level. Hence, we found that a level of \ 10 lg Nd, or an Am/Nd separation factor of[ 5000 was required for the chemical separations.
We then evaluated two methods for Am-Nd separation that had been in use in our laboratory, a 2 mL Eichrom TEVA-ammonium thiocyanate column [7, 8] and a 2 mL acetone-HCl MP1 anion column [9, 10] . We loaded a standard mixture of Am and 50 mg Nd onto these columns, and then measured Am and Nd in the collected Am fractions using the Nu Plasma II MIC-ICP-MS and Agilent 7700 quadrupole ICP-MS, respectively. We found that Am-Nd separation factors were quite high for the TEVA column, ranging from 240,000 to 260,000, whereas the separation factors for the acetone-HCl column were about a factor of 1000 lower (290-760). Based on these results, we identified a possible chemical separation scheme in which only two additional columns were required for MIC-ICP-MS measurement of Am: a 2 mL MP1 HCl column for separation of Pu and Fe carrier, and a 2 mL ammonium thiocyanate-TEVA column for separation of the Nd carrier. This scheme is shown in Fig. 4 .
However, actual testing of this pilot method revealed a few problems. First, we were having difficulties dissolving the Nd-Fe-Am samples prior to the columns, which resulted in poor separations. This was resolved by addition of a perchloric acid digestion step, along with nitric and aqua regia digestions, prior to the column loading to get rid of insoluble organic compounds. Although that problem was resolved, it created another problem in the form of polyatomic organic interferences at masses 240, 241, 242, and 243. We found that adding a perchloric acid digestion step after the columns, along with nitric acid digestion steps, reduced the organic interferences to acceptable levels for accurate 241 Am/ 243 Am measurement. As shown in Fig. 5 , apparent 241 Am process blanks obtained after these modifications have been fairly consistent, with an average value of 320,000 atoms. We also established that the criteria for acceptable 241 Am/ 243 Am isotope dilution measurements in samples with no 242m Am is a measured 242/243 ratio of \ 0.01. Apparent process blanks at mass 242 average 230,000 atoms with a factor of 2 9 more dispersion than for 241 Am. Further evaluation of Am/Nd separation factors on actual environmental samples is shown in Fig. 6 . Blank matrix samples have relatively high Am/Nd separation factors of * 430,000, whereas samples with a 0.7-1.0 g sediment matrix have somewhat lower factors of * 134,000. However, both of these are much larger than the required separation factor for sensitive and precise 241 Am/ 243 Am isotopic ratio measurement of [ 5000. Chemical yields for Am on actual samples have not yet been fully evaluated, but based on ion yields, minimum values for Am chemical yield can be assessed. The ion yield is a measure of the total ions collected relative to the total atoms in the sample. Based on a comparison of ion yields for samples and standards, chemical yields average 85% for blank matrix samples. For samples with 0.7-1.0 g sediment matrix, lower ion yields suggest that Am chemical recoveries could be as low as 50% as a minimum value. Hence, we can say that chemical recoveries for Am in the range of [ 50-85% are typically obtained with the full method, depending on sample matrix.
MIC-ICP-MS measurements for Am
Americum data were collected from a solution introduced into an Aridus desolvating nebulizer and carrying the resulting aerosol into the plasma of the Nu Plasma II multicollector ICP-MS. The Nu Plasma II has 16 Faraday collectors and 5 discrete dynode ion counting multipliers, but only the ion counters are used for this application. Am. Instrument gains and fractionation are determined prior to sample measurement on uranium NIST standards (U-500) and again after sample measurement to determine any drift corrections. Americium data are collected by static multicollection measurement on the discrete dynode ion counters for masses 240, 241, 242, and 243. The 243 Am spike was obtained from NIST (SRM 4332D) with a known concentration and diluted gravimetrically, but it has to be purified periodically to remove the 239 Pu daughter. We performed this purification using two 0.5-1 mL anion columns (HCl and 7.5 M nitric) for which Pu sticks to the resin and Am washes through. The spike concentration was then recalibrated in concentration versus a dilution of a NIST 241 Am standard (SRM 4322C), with a TPU of 0.48% (2r) for the final calibration. The recalibrated concentration was 1.8% lower than the original concentration prior to column chemistry, indicating that the recovery of Am through the columns was near quantitative. 239 Pu and 241 Am below detection limits was verified by both MIC-ICP-MS analyses for Pu-Am and resin bead TIMS measurements for Pu.
The instrument sensitivity can be described by the Am ion yields for standards, which are a measure of the total ions collected relative to the total atoms in the standard. For standards that have not gone through chemistry the latter is equivalent to the total atoms introduced to the mass spectrometer. For Am standards that had no chemistry, typical ion yields range from 0.5 to 0.7%. This corresponds to count rates of * 3500 cps 243 Am for samples with * 100 fg 243 Am, or an instrument sensitivity of 35 cps/fg Am. Samples that have gone through chemistry typically have similar ion yields (0.6-0.7%) for blank matrix samples, or somewhat lower ion yields (0.3%) for samples with 0.7-1.0 g sediment matrix. This could be due to a combination of lower chemical yield or poorer ionization efficiency for the high matrix samples.
Results for measurement of 241 Am/ 243 Am on the Nu Plasma II over the past few years in pure solution standards obtained from NIST and CEA with certified isotopic ratios are presented in Fig. 7 . The typical amount of Am analyzed is 1-5E8 atoms total Am. The measured/expected ratios do show quite a bit of variability over time, which may reflect the day to day variability of the gains and fractionation factors for the multiple ion counters on the Nu Plasma II. Overall, there is a slight positive bias of 0.9% which may be due to use of U standards rather than Am for detector gain and fractionation correction. However, we expect that the variability will decrease in the future as we gain more experience with Am standards and running Am on the MIC-ICP-MS.
Performance results on environmental matrix reference materials
We first evaluated this new Am method on environmental matrix reference materials. We analyzed an in-house solution standard, known as the LANL actinide QA/QC solution, in triplicate, and 0.7-1.0 g of two certified sediment matrix materials, IAEA-385 (Irish Sea Sediment) and NIST 4350B (Columbia River Sediment), in duplicate.
Comparative results for our measurements via this new method, prior measurements at LANL by MIC-TIMS, and current LANL alpha spectrometry measurements are shown in Fig. 8 . Amounts of 241 Am analyzed with our new MIC-ICP-MS method ranged from 7E7 atoms for the actinide QA/QC solution, to 8E7 atoms for IAEA-385, to 3E6 atoms for NIST 4350B. Typical 1r errors of the individual MIC-ICP-MS measurements are currently estimated at about 1-2% for the higher level standards to * 3% for NIST 4350B. In all cases, the results for the alpha spectrometry, TIMS, and ICP-MS measurements at LANL overlap at the 2r confidence level. In addition, the results with our new MIC-ICP-MS method for the two certified reference materials are in agreement with the certified values within the 2r errors of each.
Based on our Pu-Np-Am isotopic data, we can also calculate single-component Pu-Am and Pu-Np model ages for these reference materials, shown in Table 1 There is a lot of variability over time which, with more experience with Am standards and measurements, we expect to improve in the future (Fig. 1) . However, the model ages for the two sediment reference materials are discordant, with the 237 Np model ages being significantly older than the 241 Am model ages. This is due to the presence of a large global fallout component for 237 Np compared to the 237 Np produced from 241 Pu decay in these materials. Corrections for the presence of global fallout Pu-Am-Np (e.g. [5] ) can be made in situations where this component is relatively minor, for example for NIST 4350B. However, in many situations exemplified by IAEA-385, the fallout correction is quite large, with large associated errors in the model ages. We will further explore the methodology for making corrections for global fallout to Pu-Am-Np model ages in the future.
Conclusions
Overall, our method development efforts for Am have provided a more robust and shortened chemistry, and the MC-ICP-MS approach has been validated. Currently, we have developed a sequential Pu-Np-Am chemical separation method which only requires two additional columns for Am purification for MIC-ICP-MS measurement. Organic isobaric interferences are present, but have been minimized with additional chemistry to the point where our 241 Am process blanks are quite low and reproducible. The MIC-ICP-MS method on the Nu Plasma II is relatively robust, and we expect some improvements in repeatability of standards and measurement precision in the future. With this approach, we can obtain more data out of a single aliquot, overall sample size requirements have been reduced, precision has been improved, and analysis times have been minimized.
